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Abstract 
Some polymer colloids, such as rubber latex, occur naturally but many of them are made synthetically. 
The sizes of the colloidal particles can vary over a wide range but in many cases it is possible to control 
both the average particle size and the particle size distribution. 
Polymer colloids can be made directly from monomers via emulsion polymerization or miniemulsion 
polymerization but it is also possible to make the colloids from pre-formed polymers by using 
processes such as phase inversion or precipitation. If reaction recipes are prepared carefully, and 
appropriate reactors are chosen, then emulsion polymerization can be used to give particles with a 
required particle size and particle structure. Control of polymer molecular weight can also be achieved. 
That is important when the polymer is to be recovered from the colloid, for use in the bulk state. 
However, the use of emulsion polymerization is restricted to monomers that can be polymerized by a 
free-radical process. 
Surfactants are very important in the manufacture of polymer colloids. They affect polymerization 
mechanisms, colloid stability and the behaviour of products that are made from the final latex. 
Many polymer colloids contain particles that have a complex structure. In some cases the particles are 
physically homogeneous but each polymer chain contains a variety of monomer units. In other cases, 
particles have a complex morphology with different polymers occupying separate zones within the 
particles. It is sometimes possible to manipulate particle morphology to gain a specific useful property 
in the final product. Examples include the production of core-shell particles for toughening glassy 
polymers and the creation of nanocapsules. 
Attention is not always focused on the behaviour and properties of single particles within a polymer 
colloid. Sometimes the corporate behaviour of all the particles is important. Examples of that can be 
found in light scattering by particle arrays (to give controlled opalescence) and in the formation surface 
coatings. 
1. Introduction 
Polymer colloids are dispersions of polymer particles in a continuous liquid phase. 
The liquid phase is often, but not necessarily, aqueous. Particle diameters can be 
between 20 and 2000 nm and each particle usually (but not always) contains many 
individual polymer molecules. Some colloidal polymers occur naturally, or can be 
derived readily from naturally occurring materials. Well-known examples are rubber 
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latex, which is an aqueous dispersion of cis-polyisoprene that is obtained from the 
Hevea Brasiliensis tree [1], and starch-based colloids [2]. Colloids can also be made 
from synthetic polymers. In many cases, the colloid, and the polymer which the 
particles contain, are made simultaneously. The individual polymer particles are 
often, but not always, spherical in shape. 
In this chapter, attention is focused on distinctive features of polymer colloids; those 
characteristics which are common to all colloids are discussed elsewhere in this book. 
2. Manufacture of polymer colloids. 
2.1. Manufacture via emulsion polymerization  
A wide variety of polymer colloids can be made via emulsion polymerization. In that 
process, addition polymerization of an unsaturated monomer usually occurs via a free 
radical mechanism. Some of the distinguishing features of emulsion polymerization 
can be explained by taking account of the reaction kinetics. 
2.1.1 Addition polymerization 
Addition polymerization of a monomer, M, can occur if it is “unsaturated”. 
Unsaturation can arise if the molecules of M contain a carbon-carbon double bond, as 
shown in figure 1, or a strained ring such as that found in ethylene oxide, as shown in 
figure 2. [LOCATE FIGURES 1&2 HERE] The basic reaction steps, that occur in 
addition polymerization, are shown in figure 3. There, A* is an activating species 
(usually a free radical, in emulsion polymerization) that is produced from a chemical 
initiator. Typically, an initiator decomposition reaction of the type  
I  2A*     (1) 
is used. [LOCATE FIGURE 3 HERE] In figure 3, the subscripted ks are rate 
coefficients. Chain propagation occurs in step 2 and termination, which produces 
completed polymer molecules, occurs in steps 3 and 4. For any given monomer, M, 
either step 3 or step 4 dominates the termination process.  Step 5 accounts for a group 
of chain transfer steps. Here, X denotes any species that can participate in chain 
transfer. X may be a solvent molecule, a monomer, a polymer or a chain transfer 
agent that has been added specifically to limit the size of polymer molecules that are 
produced. If X is equivalent to M (i.e. chain transfer to monomer occurs) then steps 2 
and 5 are parallel reactions which have identical reactants. Chain transfer to monomer 
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may have an important role in determining the maximum molecular weight that the 
polymer can attain. If X is equivalent to a polymer molecule then chain transfer will 
give rise to polymer molecules with a branched structure. In any feasible industrial 
process, X* must be sufficiently reactive to initiate a new polymer chain (otherwise, 
the overall polymerization reaction would “die”).  
When the polymer concentration becomes high, chain termination can become 
controlled by diffusion of the polymer radicals and the rate coefficient for chain 
termination is reduced [3]. Expressions for the overall polymerization rate and for the 
average polymer molecular weight can be obtained from the scheme shown in figure 
3. However, it is often difficult to determine values for the rate coefficients of 
individual reaction steps. Even if values can be found, the set of differential equations 
that is obtained from the reaction scheme cannot usually be solved exactly [4]. That is 
because the coupling of those equations is usually “stiff”. However, application of the 
pseudo steady state assumption to the chain carriers is often valid so that it becomes 
possible to obtain simple expressions which predict the overall polymerization rate 
and the average molecular weight of the polymer that will be formed. For one-phase 
polymerization in a batch reactor, the polymerization rate, Rp is given by [5]  
 
     (2) 
where CI is the concentration of an initiator species I. Each molecule of I generates 
two free radicals with an efficiency f. The rate coefficient for initiator decomposition 
is kd. In equation (2),  
kt = ktc + ktd         (3)           
and the instantaneous average degree of polymerization, P , (in the absence of chain 
transfer) is given by [6] 
 
     (4) 
The polymer molecular weight is obtained by 
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multiplying P  by the molecular weight of the monomer. 
In suspension polymerization, a solution of initiator in vinyl monomer is dispersed in 
water and polymerization occurs within the monomer drops [7]. The polymerization 
mechanism is virtually identical to that found in bulk polymerization and the drops 
are eventually converted into polymer particles with diameters in the range 50 - 500 
microns (i.e. too large to be regarded as colloidal).  
2.1.2. Mechanism and kinetics of emulsion polymerization. 
Emulsion polymerization and suspension polymerization have different mechanisms. 
In emulsion polymerization, the growing radicals are segregated from each other in 
small polymer particles so that the chain termination reactions are restricted [8], [9]. 
Initially, monomer drops (with diameters in the range 2 – 20 microns) are dispersed in 
an aqueous phase which contains a surfactant (sometimes called an emulsifier) and a 
water-soluble radical initiator. A small amount of the monomer dissolves in the 
aqueous phase. Surfactants can be anionic (e.g. sodium docecyl sulphate), cationic 
(e.g. cetyl pyridium bromide) or non-ionic (e.g. block copolymers of ethylene oxide 
and propylene oxide). Their molecules often have two sections, a hydrophobic part at 
one end and a hydrophilic group at the other end. In many cases, the molecules form 
aggregates (with diameters in the range 5-10 nm) called micelles [10] because their 
concentration exceeds the critical micelle concentration (CMC). Those micelles are 
swollen with monomer. A small proportion of the surfactant is located on the surface 
of monomer drops [see figure 4].  Free radicals are generated, from the water-soluble 
initiator, throughout the polymerization process. That may be achieved by thermal 
decomposition e.g. via the reaction [11]  
S2O8-2  2 •SO4-1       (5) 
or by using a redox system [12], e.g.      (6) 
ROOH + Fe+2 RO + OH + Fe+3     (7) 
[LOCATE FIGURE 4 HERE] At the start of reaction, initiator radicals may diffuse 
through the aqueous phase to any micelles that are present and a small fraction of 
those micelles are transformed into polymer particles, because polymerization occurs 
within them. If the monomer and polymer are miscible then monomer will diffuse 
from the drops to the particles via the aqueous phase.  Initiator radicals can also react 
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directly with monomer in the aqueous phase to produce growing polymer radicals that 
can migrate to the particles.  
Surfactant micelles often have an important role in particle nucleation but, in some 
cases, polymer radicals precipitate in the aqueous phase when they attain a critical 
size. New particles can be formed when those radicals adsorb surfactant that is 
dissolved in the aqueous phase [13]. That process, which does not involve the 
micelles (even though micelles may be present), is called homogeneous nucleation. 
Sometimes, conditions can be manipulated so that precipitated radicals form new 
polymer particles even when no surfactant is present. Such a process is often called 
“soapless” emulsion polymerization [14] [15]. It can be useful when applications of 
the product would be impaired by surfactant on the particle surfaces. Attempts to 
remove surfactant from particle surfaces, after emulsion polymerization, are often 
ineffective.  
In a batch reactor (where all reaction ingredients are charged to the reactor at the same 
time) “free” surfactant and “un-initiated” micelles eventually disappear from the 
aqueous phase (because most surfactant becomes adsorbed on the surface of the 
growing particles). Then the monomer drops become unstable and the number of 
polymer particles per unit volume of latex, Np, becomes constant. The particles grow 
in size (as polymer accumulates within them). 
While monomer drops remain, the monomer diffusion rate usually exceeds the 
polymerization rate [16] so that the monomer concentration in the particles, CMp, 
remains constant. The value of CMp depends on a force balance and, when P >>1, it 
can be calculated from the following expression [17], [18]. 
r
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Here, VP is the volume fraction of polymer in the particles, 
_
V M is the molar volume 
of monomer, M is the interaction parameter for the monomer-polymer mixture,  is 
the interfacial tension and r is the particle radius. Monomer and new radicals continue 
to diffuse to the growing particles. The monomer drops virtually act as monomer 
reservoirs, and most of the polymerization occurs within the polymer-containing 
particles. The particles are very small and the radicals are very reactive so that 
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termination is almost immediate if a second (small) radical enters a particle that 
already contains a single (large) propagating radical. The particle then remains 
dormant until another radical enters it and grows in the monomer-rich environment. In 
the ideal case [8], particles then contain either one growing free radical or no radicals 
so that the average number of radicals per particle, n , is 0.5. In many real cases, it is 
possible for radicals to desorb from the particles so that n  is less than 0.5 [19]. If 
particles become large then it is possible for them to accommodate more than one 
growing radical for a significant amount of time and n  becomes larger than 0.5 [20]. 
In some circumstances, a significant amount of time may be required for a steady-
state value of n  to be attained [21]. Whatever, the value for n , the number of growing 
radicals per unit volume of latex becomes directly proportional to Np. Thus, the 
overall polymerization rate, Rp is proportional to Np and to CMp which are both 
constant while monomer drops remain. In an ideal case, with no chain transfer to 
monomer, the polymer molecular weight also depends on Np  because the lifetime of 
growing radicals inside the particles is determined by the rate at which radicals 
diffuse to the particles, i.e. by the effective initiation rate, Ri. Thus, 
pMppp NnCkR          (9) 
and 
        (10) 
 
When the monomer drops have disappeared, CMp and the overall polymerization rate 
both decrease. A slight diminution in particle size may then occur as the remaining 
monomer is converted to polymer (because most polymers are denser than their 
monomers). In many industrial batch processes, the final particle diameters are in the 
range 50 – 1000 nm. The particle generation period is often short, in comparison with 
the growth period, so that the final particle size distribution is very narrow. If particle 
diameters exceed 2 microns, which happens in some processes, then Brownian motion 
does not occur. That can be a problem with soft particles which may coagulate if 
agitation is inadequate. However, Vanderhoff et al [22] showed that, when emulsion 
polymerization is carried out in space, where gravity effects are small, problems of 
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particle creaming or settling disappear. Then, mono-sized particles with diameters of 
30 microns could be made. 
2.1.3. Advantages and disadvantages of emulsion polymerization. 
From equations (2) and (4) it can be seen that, for one-phase (homogeneous) 
polymerization, 
         (11) 
 
Thus, polymer with a high molecular weigh can only be made if the polymerization 
rate is low. That can be a problem for industrial manufacture. But equations (9) and 
(10) show that, in emulsion polymerization, the polymerization rate and the average 
degree of polymerization can be increased simultaneously because they both depend 
on the number of particles. That is important when the polymer is to be recovered 
from the colloid, for use in the bulk state. Then, it is often desirable to produce a 
material with high molecular weight at an economically attractive rate; an example of 
that is found in the manufacture of synthetic rubber (a co-polymer of butadiene and 
styrene). Careful control of initial surfactant concentration is important because that 
influences the number and the size of the particles. It has been shown that, when the 
initial monomer drops are very small, emulsion polymerization can be sustained with 
an oil-soluble initiator [9], [23], [24], [25]. 
Polymerization of vinyl monomers is highly exothermic and the thermal conductivity 
of organic polymer solutions is not very high. Therefore, heat transfer from 
homogeneous polymerization can be a problem in large-scale production. But in 
emulsion polymerization, polymerization occurs inside small particles which have a 
high ratio of surface area to volume and which are surrounded by water. Therefore, 
heat transfer from large reactors is good and temperature control is better than that 
found with bulk polymerization. Also, the overall viscosity of the polymer latex is 
much lower than that of a polymer-monomer solution so that agitation of reactor 
contents is feasible. Emulsion polymerization also offers scope for control of particle 
morphology. In semi-batch reactors, sequential addition of two monomers can give 
two polymers in the same particle (as distinct from copolymers). Those composite 
particles can have various structures which depend on the relative hydrophilic nature 
of the polymers. 
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The disadvantages with emulsion polymerization are that the product is contaminated 
by surfactant and that larger reactors are needed for each kilogram of polymer that is 
produced (because the reactor is part-filled with water). The latex product can be used 
directly (e.g. in emulsion paints or adhesives) or it can be used after polymer 
separation from the latex (e.g. in the manufacture of synthetic rubber and 
thermoplastics).  
2.1.4. Effect of reactor type. 
Many authors refer to three intervals in emulsion polymerization. Particle nucleation 
occurs in interval 1, a near-constant polymerization rate occurs in interval 2 and a 
declining polymerization rate occurs in interval 3 (when separate monomer drops 
have disappeared). But, it is important to realise that the concept of distinct intervals 
only has meaning in batch operation (i.e. when all reaction ingredients are added to 
the reactor simultaneously). Such intervals cannot be identified in semi-batch reactors 
or in back-mixed flow reactors. In those reactors, particle nucleation and particle 
growth can occur simultaneously. Even in batch emulsion polymerization, the three 
intervals are not always distinguishable.  
Emulsion polymerization in semi-batch reactors gives flexibility in product design, 
copolymer composition and particle structure. Particle nucleation can occur during 
feeding so that the particle size distribution (PSD) can be manipulated [26], [27]. 
Partition of ingredients between the initial reactor charge and the reactor feed is 
important [28]. For example, if a small fraction of the monomer is in the reactor 
initially (before the remainder is pumped in) then particle nucleation occurs at 
monomer-starved conditions so that the particle growth rate is reduced and there is 
insufficient monomer to ensure that all the emulsifier molecules are consumed. 
Therefore, free emulsifier micelles remain in the reaction mixture when monomer 
feeding starts and the number of particles increases. But, if a sufficient amount of 
monomer is present in the initial charge then particle formation occurs at monomer-
flooded conditions and the particle growth rate is a maximum (and all emulsifier 
micelles are consumed before pumping begins). Consequently, the PSD can be 
affected by varying the amount of monomer in the initial reactor charge, even though 
the total amount of monomer added to the reactor is unchanged (see figure 5). 
[LOCATE FIGURE 5 HERE] 
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With emulsion polymerization in continuous-flow back-mixed reactors, particle 
nucleation can occur throughout the process. Particle nucleation and particle growth 
are simultaneous. Particles now have an age distribution so that the exit particle size 
distribution is wide [20]. Although simple models predict steady states, real reactors 
can exhibit oscillatory behaviour [29]. Reactor start-up policy is important and more 
than one time-average conversion can be obtained for a given set of feed streams [30], 
[31], [32] (see figure 6). [LOCATE FIGURE 6 HERE] The average particle size, and 
the PSD, can also be affected by the reactor start-up procedure. Consequently, the 
properties of any products, that may contain the final latex, can be affected 
significantly by the reactor start-up procedure (even though the total amount of each 
ingredient in the reactor feed is unchanged). A continuous-flow reactor can take the 
form of a loop in which the reaction ingredients are re-circulated [33], [34] (see figure 
7). Then a conventional agitator is replaced with a re-circulating pump. [LOCATE 
FIGURE 7 HERE] 
2.1.5. Emulsion co-polymerization. 
In many industrial emulsion polymerizations more than one monomer is used and the 
resultant colloidal particles contain co-polymer molecules.  Controlling the 
composition of those co-polymers is not straight forward. In single-phase co-
polymerization, relationships exist between the monomer concentrations and the 
composition of the co-polymer that is being produced [6]. Those relationships apply 
to polymerization inside emulsion polymer particles but they are difficult to use 
because the actual monomer concentrations inside the particles are often unknown. 
That situation arises because each monomer is distributed between three phases (the 
monomer drops, the aqueous solution and the particles) and the distribution 
coefficients are often unknown [35]. 
2.1.6. “Inverse emulsion polymerization”. 
It is possible to obtain polymer colloids from processes that are often described as 
“inverse emulsion polymerizations”.  In those processes, a water-soluble monomer 
(often in aqueous solution) is dispersed in a non-aqueous continuous phase (usually a 
hydrocarbon) with the aid of an appropriate surfactant. Although subsequent 
polymerization of the monomer (such as acrylic acid or acrylamide) leads to the 
formation of polymer colloids, the reaction mechanism is not always exactly 
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analogous to that found in conventional aqueous emulsion polymerization [36].  The 
initial existence of surfactant micelles is not always confirmed and, in some cases, the 
initiator is dissolved in the aqueous monomer phase [37] (i.e. not in the continuous 
phase). However, if micelles are present and if the initiator is dissolved in a 
hydrocarbon continuous phase then small latex particles (with diameters between 150 
and 200 nm) can be obtained [38], [39]. If a water-soluble initiator is used for 
“inverse emulsion polymerization” then monomer-containing drops are usually 
converted to polymer particles. Therefore, those drops must be small and intense 
agitation becomes necessary. In those circumstances, the process is best described as 
“inverse microsuspension polymerization” [40]. Even so, colloidal polymer particles 
can still be obtained  [41]. 
2.2. Manufacture via microemulsion polymerization. 
The particle nucleation and growth mechanisms in conventional emulsion 
polymerization make it difficult to obtain a narrow particle size distribution when the 
desired average particle diameter is less than 100 nm (because a significant fraction of 
the polymer is produced during particle nucleation). That problem can be overcome 
by using microemulsion polymerization. If the ratio of surfactant to monomer, in an 
aqueous emulsion, is increased substantially then most of the monomer will reside in 
the surfactant micelles (i.e. there will be no separate monomer drops). If the ratio of 
surfactant to water is also increased then a microemulsion, with a surfactant-rich 
continuous phase, can be formed. Microemulsions, unlike conventional emulsions, are 
thermodynamically stable. Their precise structure appears to be a matter for debate 
(and may well depend on circumstances) [23]. But, if a water-soluble radical 
generator is present, polymerization leads to the formation of very small polymer 
particles (with diameters in the range 10 – 100 nm). Those particles can have a narrow 
size distribution and the latexes are often stable.  “Co-surfactants”, such as alcohols, 
are sometimes necessary for microemulsion polymerization. The exact function of the 
co-surfactants is still a subject of debate; the literature contains a number of different 
“explanations”. It has been claimed that a narrow particle size distribution can be 
achieved because micelle sizes can be controlled by varying the ratio of surfactant to 
co-surfactant in the reaction mixture [42]. That explanation appears to assume that the 
micelles are transformed into particles in the nucleation process, as claimed by 
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Nomura and Suzuki [23].  However, other authors have expressed the view that the 
droplets are not transformed directly into polymer particles [43].  
In microemulsion polymerization, sizes of polymer particles do not increase 
significantly during the course of polymerization [44]. Therefore, particle nucleation 
must occur continuously [45]. That behaviour, which is not usually observed in 
conventional emulsion polymerization, may arise because radical entry into polymer 
particles is a rare event when a significant amount of “free” surfactant is present. 
Here, “free” means surfactant that is not adsorbed on the surface of polymer particles. 
Its presence enables a large proportion of growing polymer radicals to participate in 
particle nucleation. If that explanation is correct then the lifetime of growing polymer 
radicals (inside the particles), and the molecular weight of the polymer that is formed, 
will depend on chain transfer (because bimolecular chain termination within the 
particles has become a relatively rare event [23]. Small radicals, formed by transfer to 
monomer, can desorb from the particles and initiate new polymer radicals which 
participate in further particle nucleation. It has been noted that polymer particles in 
microemulsion polymerization may only contain a few, large, polymer molecules 
[46], [47]. When free surfactant disappears, or when remaining monomer is mostly 
absorbed by the particles, particle nucleation will cease. Then a higher proportion of 
the radicals will enter polymer particles.  Polymer particles, which are as small as 
those obtained in microemulsion polymerization, have been obtained by using 
monomer-starved semi-batch emulsion polymerization [48]. 
Oil-soluble radical generators can also be used but the rate of microemulsion 
polymerization is then lower than the rate observed with water-soluble initiators [23]. 
The reaction mechanism, which applies when an oil-soluble generator is used, is not 
clear.  “Inverse microemulsion” copolymerization, which incorporates a water-soluble 
monomer, such as acrylamide, has also been reported [49]. 
The presence of large amounts of surfactant and co-surfactant, which are required to 
make polymer colloids via microemulsion polymerization, can be detrimental in the 
application of the final product. However, the removal of surfactant from the colloid, 
without affecting its stability, is extremely difficult. [50]. 
2.3. Manufacture via miniemulsion polymerization 
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In conventional emulsion polymerization very little polymerization occurs within the 
monomer drops. But, if sufficient mechanical energy is supplied to the initial 
dispersion, those drops can become very small. Then, the surface area of the drops 
increases and the surfactant micelle concentration decreases (because more surfactant 
is now adsorbed on the drop surfaces). Therefore, the probability of free radicals 
(which have been generated in the aqueous phase) diffusing to monomer drops 
increases. Under these circumstances, the monomer drops become the main locus of 
polymerization. The reaction process is then called “miniemulsion polymerization” 
[51]. In favourable conditions, the monomer drops are transformed into polymer 
particles. Thus, the size of colloidal polymer particles can be pre-determined by 
controlling the initial drop sizes.  Making the small monomer drops with conventional 
rotary agitators is not always easy but the drops can be made by using a homogenizer 
[43] or an ultrasonic device [51], [52].  Usually, the drop diameters have a range of 
values and that can lead to some instability in the emulsion because Ostwald ripening 
occurs. That happens because the effective monomer solubility in the aqueous phase, 
c, increases as the drop radius, rd, decreases, as shown by the Kelvin equation  
RTr
Vcc
d
M2exp0         (12) 
Here, c0 is the expected monomer solubility for a planar interface,   is the interfacial 
tension and VM is the molar volume of the monomer. From equation (12), it can be 
seen that monomer will migrate from the smallest drops to the larger drops (because 
the chemical potential of monomer inside each drop depends on the radius of the drop 
[17]). That migration can be prevented if a small amount of material, which is highly 
insoluble in the aqueous phase, is dissolved in the monomer [53]. Then, migration of 
monomer from the small drops will lead to a reduction in the chemical potential of 
monomer inside those drops (because the concentration of the added material will 
have increased). The two effects on the chemical potential are in opposition to each 
other and monomer migration will stop. The second component, that is added to the 
monomer, is often designated a “co-surfactant”. However it does not function as a 
conventional surfactant and the term “co-stabiliser” is more descriptive [54]. 
Hexadecane has often been used as a co-stabiliser but many other materials have been 
investigated for this role [54]. The polymer that is formed from the monomer can also 
act as a co-stabiliser, although it has a relatively low molar concentration. In batch 
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operation, the effectiveness of a co-stabiliser depends not only on thermodynamic 
effects but also on the rate of mass transfer between drops. That rate it not always 
easy to predict but in many real processes it is only necessary for Ostwald ripening to 
be retarded sufficiently for nucleation to be completed. 
The use of water-soluble initiators is common is miniemulsion polymerization but the 
use of oil-soluble initiators is also feasible [55]. Polymer particles with diameters in 
the range 50 – 500 nm can be obtained by miniemulsion polymerization [50], [54]]. 
2.4. Manufacture from pre-formed polymers. 
Although emulsion polymerization provides a good route to polymer colloids, it has a 
major disadvantage in that it is restricted to vinyl polymers which can be formed by a 
free-radical process. For example, styrene-butadiene rubber, polyvinyl acetate and 
polyvinyl chloride can be made by emulsion polymerization whereas polyesters, 
polyurethanes and butyl rubber cannot be made via that route. If a polymer can be 
dissolved in an appropriate solvent then it is sometimes possible to disperse the 
solution mechanically and then remove the solvent, by evaporation, so that a colloid is 
created [54]. A wide range of polymer types can be emulsified in that way. The 
dispersion can be achieved via any of the techniques that are used to make 
miniemulsions. Also, sub-micron polymer particles with relatively low amounts of 
surfactants have been produced by direct emulsification, using a high pressure valve 
homogeniser (often used in the dairy industry) [56]. If polymer solutions are dispersed 
in aqueous surfactant, by using a rotor-stator device, the resulting emulsion can have 
drops diameters between 2 and 5 microns. Subsequent passage through a homogeniser 
can give colloidal particles with diameters less than 0.2 microns [57].  For pressure 
drops between 200 and 700 bar, drop diameters were given by  
dp = 1.8P-0.60.6d0.1                    (13) 
where P is the working pressure of the homogeniser,  is the interfacial tension 
between the oil and the water phases and d is the viscosity of the dispersed phase 
[57].  
There is no agreement in the literature on the cause of droplet break-up in an 
homogeniser [56], [58], some workers suggest a turbulent mechanism [59], [60], 
others suggest that cavitation occurs [61], [62]. Cavitation has been shown to provide 
an unlikely drop breakage mechanism for polymer solutions [57] and a laminar shear 
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mechanism is also unlikely [59]. Drop break-up is probably the result of a turbulent 
mechanism. 
2.4.1. Use of phase inversion. 
The above techniques for making colloids from pre-formed polymers require the use 
of a high energy input or the presence of large amounts of surfactant. Those 
disadvantages can be avoided by using phase inversion [63]. 
A liquid-liquid dispersion exhibits phase inversion when, in response to an 
appropriate perturbation, the continuous phase becomes the dispersed phase and vice 
versa. In the absence of surfactants only large drops are formed and the dispersions 
are usually unstable. If a pure (i.e. single-component) ionic surfactant is present then a 
stable emulsion may form but phase inversion only occurs over a narrow range of 
conditions. That is because the surfactant resides predominantly in one of the phases. 
Commercial non-ionic surfactants often consist of different molecular species which 
all have similar, but not identical, structures. Consequently, their constituents can be 
distributed between the two phases in a liquid-liquid dispersion [64]. When non-ionic 
surfactants are present in agitated liquid-liquid dispersions, of "oils" and water, two 
types of phase inversion have been characterized [65]. 
"Catastrophic" inversion is induced by changing the water-oil ratio and it is not 
reversible. When oil is added to water, the location of the inversion boundary is 
different from that observed when water is added to oil. Drop coalescence and 
complex drop formation have been shown to be significant in catastrophic inversion 
[66]. Also, the mechanism of drop formation can change as the oil viscosity increases 
[67]. 
"Transitional" inversion is induced by changing the surfactant composition and it is 
often reversible. Drop sizes decrease as the transitional inversion point is approached 
and agitation conditions have little effect on drop sizes of emulsions present at the 
transitional inversion point [68]. Transitional inversion can produce finer emulsions, 
with much less energy input, than those produced by direct emulsification. However, 
with some combinations of oils and surfactants, transitional phase inversion does not 
occur over the complete range of phase ratios [69]. Complex drop structures (which 
sometimes exist for very short time periods) may have an important role in 
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transitional inversion [70]. Phase behaviour has been related to thermodynamic 
parameters by constructing a surfactant-partitioning model [71]. 
These inversions can be represented on a map, as shown in figure 8. [LOCATE 
FIGURE 8 HERE] The two major regions of the map are separated by the transitional 
phase inversion boundary. Surfactant composition is often expressed via the 
hydrophile-lyophile balance (HLB). The surfactant molecules usually have a range of 
different sizes and the distribution of surfactant molecules between the two phases can 
change during the inversion [64] [72]. The classifications, mentioned above, do not 
account for all inversion processes. Akay [73] has shown that phase inversion can be 
induced by high deformation rates without the need to change phase ratio or overall 
composition at the inversion step. 
When micelle-forming non-ionic surfactants are used, drops of the dispersed phase 
immediately before and after transitional inversion (induced by changing surfactant 
composition) can have diameters << 1 micron, even when the overall surfactant 
concentration is relatively low [72]. When the “oil” is a viscous liquid polymer (or a 
polymer solution in an inert solvent), transitional inversion of a water-in-oil (W/O) 
dispersion can produce a latex with sub-micron drops [74] without a high input of 
mechanical energy. Abnormal catastrophic inversion (induced by changing the phase 
ratio) often produces larger drops [75] but normal catastrophic inversion (also induced 
by changing phase ratio) can give very small drops, even though the non-aqueous 
phase has a relatively high viscosity. That has proved to be advantageous in the 
manufacture of aqueous polyurethane colloids. In that case, it is possible to 
incorporate hydrophilic ionic groups into short-chain ionomers which can be chain 
extended, after dispersion, to form the final polyurethane colloid [76]. Such a process 
avoids the need to use a separate added surfactant [77]. Colloids from other polymers 
have been made in a similar way including hydrophilically modified epoxy resins 
[78], water-borne polyesters [79], emulsifier-free polyacrylate latex [80] and 
poly(phenylene oxide) ionomers [81]. This procedure does not require a strong shear 
force during the dispersion process and it can produce small polymer particles. But, 
the incorporation of hydrophilic groups in the polymer can increase the water 
sensitivity of the product [82]. 
As a catastrophic inversion condition is approached, drops of the dispersed phase can 
become large. But, when the boundary is very close, drop sizes can decrease 
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noticeably [83], [84], [85], [86], [87], [88].  By using couette flow, with significant 
amounts of surfactant, Mason and Bibette [83] showed that mono-sized drops could 
be formed as the boundary was approached. If the dispersed phase contains a 
monomer that can be polymerized subsequently then a polymer colloid will be 
formed. The concentrated emulsion procedure has usually been used to make 
dispersions of hydrophobic materials in aqueous media. But that procedure can also 
be used to make dispersions of hydrophilic monomers in hydrocarbons [89]; 
subsequent polymerization would then produce a colloid from a water-miscible 
polymer. 
Jahanzad et al [90] used transitional phase inversion to emulsify a monomer solution 
of a polyisobutene in a vinyl monomer (styrene or methyl methacrylate). By using a  
combination of hydrophilic and hydrophobic polyoxyethylene nonylphenyl ether 
surfactants they obtained drop diameters of about 500 nm. Subsequent polymerization 
of the monomer produced a colloidal polymer composite. 
3. Morphology in polymer colloids  
3.1. Morphology in colloidal polymer composites. 
Materials with desirable properties may be obtained when two polymers are blended 
together. Usually, the polymers are immiscible and the blends exist as heterogeneous 
polymer composites. For many applications, the constituents of the blends must be 
well-dispersed on a small scale. Adequate dispersion is difficult to achieve with 
conventional methods but it can be achieved if the composites are formed within 
small drops of an aqueous dispersion. Then, a colloidal polymer composite is 
produced.  
Polymer particles that contain more than one polymer can be made by emulsion 
polymerization. A latex of one polymer is formed by conventional methods and the 
particles are then swollen with a monomer that is polymerized (again, by a free-
radical process) to give a second polymer. This process is different from emulsion 
copolymerization where both monomers are in the reactor simultaneously. However, 
emulsion polymerization has the major disadvantage that was mentioned above; i.e. it 
is restricted to vinyl monomers that can be polymerized by a free-radical process. 
Colloidal polymer composites, that are made via emulsion polymerization, can take a 
variety of morphologies as shown in figure 9. The particle morphology that is actually 
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formed via emulsion polymerization is not easy to predict [91]. It can depend on the 
nature of the polymers and on the polar nature of the initiators that are used [92], [93], 
the sequence in which the polymers are made and the volume ratio of the polymers 
[91], [92], [94]. In aqueous emulsions, the most hydrophilic polymer is not always 
found on the outside of the particles [57] and the second polymer does not necessarily 
form a shell around a core of the seed polymer [95]. [LOCATE FIGURE 9 HERE] 
Some morphologies can be favoured thermodynamically but the differences between 
the free energy of formation for two different structures can be quite small. The 
change in Gibbs function, ΔG, that is associated with a change in morphology can be 
written as  
ΔG = ΔH - TΔS + ΔGs      (14) 
If the polymers are immiscible then changes in enthalpy, ΔH, and in entropy, ΔS, are 
very small so that ΔG depends primarily on the change in surface free energy   
ΔGs = Σij Aij        (15) 
Here, ij is the interfacial tension between phases i and j which have an interfacial 
area Aij. 
A study by Torza and Mason [96] showed which composite structures can be 
expected to form when two immiscible drops interact in a suspension. Their analysis 
has been adapted by other workers to account for structures of polymer mixtures in 
colloidal particles. But in emulsion polymerization the “second” polymer is not added 
to the “first” polymer in a pre-formed state, it is formed in situ. Therefore, 
morphology is established when a second polymer phase separates from the initial 
polymer. Consequently, a predicted thermodynamic equilibrium may not be attained 
initially because diffusion of polymer radicals in a polymer particle can be very slow. 
Once an “unfavourable” morphology has been established, subsequent transformation 
to a thermodynamically favourable state may only occur very slowly [91]. Also, the 
interfacial tension between polymer phases may change if graft copolymers are 
formed in the polymerization process. 
Specific particle structures can be obtained by modifying the polymerization 
procedure. Kirsch et al [97] used a three-stage process to make core-shell particles 
which had a polyacrylate core and a polystyrene shell. Even though styrene was 
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introduced at the last stage, particles with a polystyrene core might have been 
favoured thermodynamically. But the polyacrylate core material was cross-linked 
before adding the styrene. That restricted polymer diffusion and phase inversion, to 
form a polyacrylate shell, was prevented. The particle diameters were about 260 nm 
and the structure was confirmed via electron microscopy. Durant et al [98] also 
showed that cross-linking can affect particle structure. They used seeded emulsion 
polymerization to make particles with a core-shell structure from 
poly(methylmethacrylate) and polystyrene. Either of the polymers could be made to 
form the shell if the other polymer was cross-linked. These workers noted that chain 
transfer to polymer can sometimes occur in the manufacture of a seed latex. That 
leads to unintentional cross-linking so that a desired morphology in the final particles 
is not achieved. Han et al [95] used a seeded emulsion polymerization to make 
particles that contained two immiscible copolymers. They showed that polymer 
diffusion within the particles could be enhanced by the addition of a solvent (toluene) 
so that particle viscosity was reduced and complete separation of the copolymers 
occurred. Each particle then had the appearance of two fused hemispheres. These 
workers noted that, in an earlier study with the same copolymers, Ma et al [93] did not 
obtain the hemispherical morphology. Han et al [95] attributed that to reduced 
mobility arising from a high degree of cross-linking in the core. 
Miniemulsion polymerization can also be used to make colloidal polymer composites. 
If a solution of a pre-formed polymer in a vinyl monomer is emulsified in an aqueous 
medium then subsequent miniemulsion polymerization of the monomer can form a 
second polymer inside the small drops. There is a wide choice of pre-formed polymer 
because it does not have to be made via emulsion polymerization. Also, the initial 
polymer can act as a “co-surfactant” so that additives such as hexadecane are not 
required to eliminate Ostwald ripening [54]. Miniemulsion polymerization. has been 
used to make hybrid particles that contain alkyd polymers [99], polydimethylsiloxane 
[100], polyesters [101] and polyurethanes [102].  
Much of the above discussion of particle morphology in emulsion polymerization is 
applicable to miniemulsion polymerization. If colloidal polymer composites are to be 
obtained from miniemulsion polymerization, it is important to avoid the generation of 
new particles by emulsion polymerization in the aqueous phase. That would lead to 
particles that contain only the “second” polymer. The use of oil-soluble initiators can 
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reduce secondary nucleation but it does not always eliminate the formation of new 
particles if surfactant micelles are present [52]. When a solution of unsaturated 
polyester in styrene was miniemulsified, subsequent polymerization of the styrene 
(initiated by lauroyl peroxide) occurred mainly in the original emulsion drops. But the 
polystyrene chains were able to graft onto the polyester so that complete separation of 
the two polymers did not occur. The particles contained small polystyrene domains 
that were dispersed in a continuous polyester phase [52]. However, the ratio of 
polyester to polystyrene exceeded that which corresponded to the original 
formulation). That may have indicated the formation of new polystyrene particles in 
the aqueous phase. But it is also possible that styrene reacted with the unsaturated 
polyester to form a graft copolymer (containing polystyrene segments). That material 
might be almost compatible with the polyester regions. A similar structure was found 
when composite particles were made from the same two polymers by using the 
concentrated emulsification technique [103]. 
3.2. Quasi crystalline arrays. 
Attention is not always focused on the morphology of single particles within a 
polymer colloid. Sometimes the corporate behaviour of all the particles is important. 
With emulsion polymerization, careful control of the particle nucleation and of the 
particle growth stages can lead to the production of latex particles with a very narrow 
size distribution and with a pre-determined average diameter. Self-assembly of those 
particles can then result in the formation of quasi crystalline arrays [104]. These 
arrays can give rise to diffraction if they are exposed to radiation with wavelengths 
that are similar, in size, to the distance between planes in the arrays, d, (see figure 10). 
If that distance corresponds to the wavelengths found in the visible spectrum then the 
assembly behaves as an artificial opal and distinct colours are observed [105] 
[LOCATE FIGURE 10 HERE] 
The diffraction effect, for radiation of wavelength , is characterised by Bragg’s law, 
 
    n = 2d sin , n = 1, 2, 3,………… (16) 
 
Therefore, if the array is exposed to white light, the particular colour that is seen 
depends on the angle of observation. The colour changes from red toward blue as the 
observation angle, , decreases. For any given angle of observation, the observed 
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colour depends on the distance between layers of particles; and that distance depends 
on the particle size. In some cases particle arrangement, to form distinct layers, can be 
enhanced by centrifuging the latex [106] or by subjecting a concentrated latex to flow 
conditions [107], [108]. The arrays remain in place after removal of the continuous 
phase by evaporation. The value of d, in equation (16) depends on the diameter of the 
particles. In some circumstances, that diameter can increase if the particles in the 
array swell (e.g. when they are exposed to an organic vapour [109]). Then the 
apparent colour of the array will change. 
Self assembly of polymer particles, during the drying of latexes, can lead to 
interesting behaviour when the particle size distribution is wide. If the aqueous phase 
evaporates slowly, then the particles can form circular “rosette” patterns. Each 
“rosette” has a central large particle which is surrounded by smaller particles. Those 
particles are surrounded by even smaller particles. This pattern formation can lead to 
problems in the determination of the particle size distribution via electron microscopy. 
If “rosettes”, which have been formed during the drying of a latex sample, appear in 
the microscope’s field of view then the apparent PSD of the latex may be different 
from the real PSD. 
4. Uses of polymer colloids. 
 
4.1. Surface coatings. 
Water-born polymer colloids are especially advantageous for surface coatings because 
large amounts of volatile organic solvents are not required at the point of application. 
When a surface coating is formed from a polymer latex the following events occur; 
evaporation of water, concentration and packing of the polymer particles, migration of 
surfactant, particle deformation and coalescence (see figure 11). Those events may 
occur simultaneously and their rates depend on local conditions. When Reyes et al 
[110] used a computer simulation of evaporation during film formation they found 
that low drying rates are required to obtain well-ordered particle layers. Also, the 
viscosity of the continuous phase was important at high drying rates. Resistance to the 
aggregation of polymer particles, that are stabilised by electrostatic or steric forces, is 
overcome via the   evaporation of water [111], [112]. If the temperature is above the 
minimum film formation temperature (MFFT) then water evaporation may also 
contribute to overcoming resistance to particle deformation [113]. The MFFT, is 
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usually close to the glass transition temperature (Tg) for the polymer, but it can be 
slightly below or slightly above Tg [114]. [LOCATE FIGURE 11 HERE] 
The surfactants, that are necessary to create latexes, can desorb from the polymer 
particles during the film formation and migrate within the film. That may have a 
unfavourable effect on the film properties. Aramendia et al [115] made films from a 
copolymer latex (composed of methyl methacrylate, butyl acrylate and acrylic acid). 
They showed that the amount of surfactant (sodium lauryl sulfate) exuded to the 
surface increased with the temperature at which the films were annealed. But, when a 
polymerizable surfactant (sodium tetradecyl maleate) was used, migration was 
reduced because the surfactant was attached to the polymer. 
Yang et al [116] used copolymers to make particles with a core-shell structure. During 
film formation, the rate of polymer migration from the hydrophilic cores to the water 
phase increased as the glass transition temperature (Tg) decreased. Interpenetration 
with the shell polymer (to form a cross-linked film) was lowered when Tg increased. 
Devon et al [117] made films from polymer colloids in which the particles had a core-
shell structure. The hardness of the core and shell could be controlled by changing the 
composition of the methyl methacrylate-butyl acrylate copolymers from which they 
were made. If the shell was harder than the core then the MFFT was expected to be 
higher than the MFFT found when the core was harder than the shell. This was found 
to be the case in practice only when the shell thickness was greater than a certain 
minimum value that depended on the diameter of the core copolymer. 
The effect of particle size on film formation is still a matter of debate. Jensen and 
Morgan [114] found that latexes with small particles have a lower MFFT than latexes 
with larger particles. But Li et al [118] showed that changes in MFFT of latex films 
(made from poly (ethylene-co-vinyl acetate) and poly (ethylene-co-octene)) depend 
on the rate of heat transfer and not on a change in melting temperature of the polymer 
particles. Particles with different sizes start to deform at approximately the same 
temperature but smaller particles deform and coalesce faster than the larger particles 
because they acquire sufficient energy for coalescence in a shorter time. 
Arstrong and Wright [119] used poly(ethylmethacrylate) latexes, with three particle 
diameters, 750, 190 and 105 nm, to form a protective coating on tin-free steel. Films 
from the largest particle sizes contained defects and did not protect the steel from a 
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corrosive liquid. The quality of the coating improved with decreasing particle size of 
the latex. Although the smallest particle size latex provided the most coherent film, 
that film was the least adhesive and it came away from the substrate easily. 
In many studies of film formation, the colloidal particles have a narrow size 
distribution. Although that may simplify experimental investigation, it is not 
necessary for the formation of a useful surface coating [33], [120], [121]. It is worth 
remembering that serviceable films can be formed from natural rubber latex even 
though the latex particles have diameters ranging from 5 nm to 3 microns [122], 
[123]. 
Latexes from acrylic polymers are used in coating tablets of pharmaceutical 
formulations, to provide modified release of the ingredients [124]. But, if the polymer 
Tg is too low the tablets can be sticky. If the Tg is too high, the film may not be 
strong enough to resist the compression forces required for tablet production, which 
then would need extra plasticizing agents. Lofroth et al [124] showed that those 
problems could be overcome when (a) a coating was made from a mixture of an 
acrylic latex with a vinyl acetate latex and (b) the amount of non-ionic stabiliser was 
reduced.  
Many surface coatings are required to be firmly attached to a substrate (e.g. with 
paints) but in some cases a durable film is required for temporary protection. Then, 
the film must be removed easily and strong adhesion to a surface becomes a 
disadvantage [125]. 
Clearly, film formation is a very complicated process and further understanding is 
required before better surface coatings can be made from polymer colloids. In reality, 
“watching paint dry” is a fascinating activity.  
4.2. Additives for polymers. 
Many commercial polymers such as poly(vinyl chloride), poly(methyl methacrylate) 
and polystyrene are brittle at ambient temperature. Their impact strength can be 
increased, by creating small rubbery domains within the polymer, so that they are 
suitable for end use applications. Those domains promote crazing in the polymer 
which enables it to absorb more energy without mechanical failure that would 
otherwise occur, as a consequence of crack formation [126], [127]. The size of the 
rubber domains should be comparable with the craze diameter [128]. That can be 
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achieved by various techniques for mixing the bulk polymers or via a phase 
separation route. In that case, unsaturated rubbers are dissolved in the monomer which 
will form the main polymer. As polymerization proceeds, the rubber becomes 
immiscible with the monomer-polymer solution and it forms a new dispersed phase. 
The rubber can be bonded to the polymer, via grafting reactions. It has been shown 
that the separated rubbery domains, in high-impact polystyrene (HIPS) and in 
acrylonitrile-butadiene-styrene terpolymers (ABS,) sometimes contain sub-domains 
of the host glassy polymer [126], [129], [130], as shown in figure 12. [LOCATE 
FIGURE 12 HERE] Control of domain size is difficult. Better control is achieved if 
the rubbery material is a preformed component of a polymer colloid. A polymer 
blend, in which particles have a core-shell structure, can be removed from its aqueous 
environment and used as an additive to modify the properties of other polymers [131]. 
Although colloidal particles with a core-shell morphology have been used as additives 
for toughening glassy polymers, there is no general agreement about the optimum 
dimensions for their effectiveness. Cook et al [132] used emulsion polymerization to 
make colloidal core-shell particles that could be used for toughening polystyrene. The 
particles had rubbery cores and polystyrene shells but no toughening occurred unless 
the particle diameters exceeded 2 microns. Wrotecki et al [133] used core-shell 
particles (with poly(methyl methacrylate) shells and rubbery cores) for toughening  
poly(methyl methacrylate) but they found that the optimum diameters were in the 
range 200 to 250 nm. Nelliappan et al [134] showed that particles with two concentric 
shells were more effective in toughening poly(methyl methacrylate) than basic core-
shell particles. In that case, the outer shell of the three-section particles were made of 
poly(methyl methacrylate) and cores were also made of a rigid material (poly( divinyl 
benzene)). A rubbery polymer formed a layer between the two rigid zones but the 
thickness of interfacial regions, on either surface of the rubbery layer, was thought to 
be important. Day et al [135] used sub-micron sized three-layer particles for 
toughening epoxy resins. Those particles also had a glassy polymer core, a rubbery 
inter-layer (crosslinked poly(n-butyl acrylate)) and an outer layer of a glassy polymer. 
They showed that the particle diameter, at the periphery of the rubbery layer, needed 
to be more than 0.35 microns to achieve the desired effect. Also, the toughness 
decreased as the size of glassy polymer core increased. The presence of some 
functional groups (either epoxide or carboxylic acid) on the particle surfaces was 
found to be essential for optimizing toughness. Epoxy resins have also been 
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toughened with “simple” core-shell particles which had poly(n-butyl acrylate) cores 
and poly(methyl methacrylate) shells [136]. Those particles were dispersed at 
different volume fractions in order to vary the inter-particle distance. An optimum 
toughness improvement was found for an inter-particle distance equal to 497 nm 
when the particle diameter was 601 nm and the core diameter was 462 nm.  
When core-shell particles were used for toughening rigid poly(vinyl chloride), the 
thickness of the hard shell was found to be important [137], [138]. If the shell was too 
thin, then it was unable to fully cover the inner rubbery core (under processing 
conditions) and the particle cores aggregated. That led to a poor toughening 
efficiency. If the shell was too thick, then the particles lost the rubbery nature that was 
required of an efficient impact modifier. 
When latex particles are recovered, dried and mixed with a host polymer, the particles 
may not always be well-dispersed. The effects of particle clustering on toughening 
efficiency are not always clear [135]. Wills et al [139], [140] describe processes in 
which core-shell particles were deliberately coagulated before use as toughening 
agents for poly(vinyl chloride). In that case, rubbery cores (with a high butadiene or 
n-butyl acrylate content) were made via emulsion polymerization and then encased in 
shells that had a high methyl methacrylate content. After these core-shell particles 
were coagulated, by mixing the latex with an aqueous electrolyte solution and/or 
spray drying, a final “hard” polymer was then used to encapsulate several original 
particles within one shell. To be effective, the final shell was required to encapsulate 
at least ten of the original particles. It could be that, these complex particles had 
structures that were similar to structures obtained from the phase separation route for 
making high impact polystyrene (mentioned above, see figure 12).  
Core-shell particles have also been used to modify the impact resistance of polymer 
blends. Debier et al [141] showed that coalescence of the dispersed phase in mixtures 
of ABS and bisphenol A polycarbonate was reduced when core-shell particles were 
added. Those particles were located at the interface between the two bulk polymers 
and appeared to enhance the adhesion between the different phases.  
4.3. Colloidal arrays. 
Quasi crystalline arrays of mono-sized polymer particles, that give rise to the 
diffraction of light, can be used in optical sensors. If an array of polymer spheres is 
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embedded in a hydrogel that swells (or shrinks) reversibly in the presence of certain 
substances then the lattice spacing changes. That gives rise to a colour change. This 
phenomenon has been used to detect glucose and may be useful in medical 
applications [104], [142]. 
The diameter of polymer particles within an array changes if the temperature changes. 
That leads to a modification in the intensity of the Bragg diffraction peak  [104] so 
that the array could act as a temperature sensor.  
Arrays of colloidal polymer particles can also be used in opaline films (as a surface 
coating) to give decorative iridescent colours. Then, the sensitivity of the arrays to 
small change in conditions can be troublesome because it leads to difficulty in 
controlling the colour range. This problem may be overcome by making the polymer 
particles from fluorinated monomers. That lowers the solubility of organic solvents in 
the particles and reduces their swelling. Also, it permits the use of a transparent 
coating with a refractive index that is significantly different from that of the particles 
[143].  
A quasi crystalline array of mono-sized polymer particles can be used as a template to 
make inverse opals [104]. That is achieved by filling the voids within an array with a 
suitable material and then removing the original polymer particles. Wang et al [106] 
used close-packed poly(methyl methacrylate) (PMMA) latex spheres to make inverse 
opals of crystalline cerium oxide. In that case, the PMMA colloidal crystals were 
soaked in aqueous cerium chloride that was subsequently exposed to ammonia. After 
drying, the PMMA was removed by calcination in hot air. These inorganic inverse 
opals are potentially useful in the manufacture of catalysts [106].  
4.4. Drop stabilisers. 
The drops in a liquid-liquid dispersion can be stabilised if finely divided particles are 
present on their outer surfaces [144], [145], [146]. Colloidal polystyrene particles can 
act in this way to stabilise water-in-oil emulsions if sufficient electrolyte is present in 
the aqueous phase [147], [148]. The nature of functional groups, on the polymer 
particles, is important and the particle sizes affect the drop sizes that are obtained in 
the emulsion. Golemanov et al [148] showed that the drop diameter is expected to be 
inversely proportional to the particle concentration and independent of the volume 
fraction of water. But, in some circumstances, the drop diameter was determined by 
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the input mechanical energy during the homogenization. Tarimala and Dai [149] used 
mono-sized polystyrene particles to stabilise drops of poly(dimethylsiloxane) in 
water. In some experiments, a mixture of sulfate-treated polystyrene particles, with 
diameters of 1 micron and 4 microns, was used. Then, self-assembly of particles 
occurred on the water-drop interface. When sulphate-treated (hydrophobic) particles 
were mixed with carboxylate-treated (hydrophilic) particles then simultaneous self 
assembly of the two particle types occurred on the drop surfaces. There, both of the 
particle types had a diameter of 1 micron.  
5. Nanocapsules and encapsulation 
Although there is scope for expansion in the established uses of polymer colloids, 
many developments are being made in new applications. As control of particle 
structure improves it is becoming possible to devise better supports for catalysts and 
more effective transport methods for pharmaceuticals. If pigments are encapsulated in 
polymer particles then they can be more easily dispersed in organic materials and they 
acquire some protection from leaching and from surface oxidation. That can be 
important in applications such as paints and inks. Polymer colloids have also been 
used as templates for making a variety of “hollow spheres” which can be used as 
nanocapsules for confined reaction vessels, drug carriers, dye dispersants and 
protective shells for cells or enzymes [150]. In some of the newer developments, the 
polymer colloid is brought into existence in the process of making a final “useful” 
product (i.e. the polymer colloid is not pre-formed in an earlier step). 
5. 1. Polymer colloids as templates 
The cerium oxide made by Wang et al [106], from a template of poly(methyl 
methacrylate) latex spheres (as mentioned above) had a porous structure. Using 
polymer particles of 300 nm diameter gave a pore diameter of 200-240 nm, and a wall 
thickness of 45-60 nm, in the cerium oxide. But 100 nm diameter particles gave a 
pore size of 20-30 nm and a wall thickness of 20-30 nm. In a similar process, 
Antonietti et al [151] made porous silica by hydrolysing tetramethoxyorthosilicate in 
the presence of polystyrene latexes. In some cases, all surfactant was removed from 
the polymer particles (whch had been made via either emulsion polymerization or 
microemulsion polymerization) before the hydrolysis. Subsequent calcination, at 450 
oC removed the polystyrene to give porous silica. Using latex particles of about 120 
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nm diameter, gave sheets of porous silica with about 80% porosity. Silicas with a 
bimodal pore size distribution could be made by using mixtures of different latexes. 
Various materials can be deposited around constituent particles of a polymer colloid, 
to form new particles with a core-shell structure. Subsequent processing of those 
materials, followed by removal of the initial polymer core, produces very small 
spherical containers. Hollow silica and silica-polymer spheres, with sub-micron 
diameters, have been fabricated by consecutively assembling silica nanoparticles and 
poly(diallyldimethylammonium chloride) onto polystyrene latex particles and 
subsequently removing the colloidal template, either by thermal decomposition or by 
exposure to solvents.[150] [152]. Zhang et al [153] polymerized N-
isopropylacrylamide in the presence of poly(-caprolactone) particles to obtain core-
shell particles with outer shells made of cross-linked poly(N-isopropylacrylamide). 
Subsequent removal of the poly(-caprolactone) cores (by biological degradation) 
produced hollow spheres with diameters of 374nm. The shell thickness could be 
varied and the spheres could be used for encapsulation and controlled release of 
drugs. Jang et al [154] made nanocapsules from polypyrrole, with diameters of 33 nm. 
That was achieved by making core-shell particles in which both the core and shell 
consisted of polypyrrole. By ensuring that the cross-linking density in the shell was 
higher than that in the core it was possible to remove the cores selectively. Wang et al 
[155] used a precipitation process to make polysiloxane capsules, with diameters 
between 180 and 210 nm, that contained indomethacin (a non-steroidal anti-
inflammatory drug). 
5. 2. Creation of polymer colloids with inorganic particles 
For some applications, it is desirable to encapsulate small inorganic particles in a 
polymer colloid. In some cases, the polymer colloids are actually created by using 
inorganic particles as templates. Polymeric material can be deposited on inorganic 
nanoparticles to form colloids with a core-shell structure and, if required, the original 
inorganic material can be removed to give polymer nanocapsules. 
Bechthold et al [156] were able to encapsulate either calcium carbonate or carbon 
black via miniemulsion polymerization of styrene. Diameters of the resultant 
composite particles were approximately 300 nm for calcium carbonate and 100 for 
carbon black. Although other materials can be encapsulated in polymer particles the 
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final particle sizes are often too large for the dispersions to be regarded as colloids. 
However, specific techniques have been developed to make encapsulated material in 
sub-micron particles. 
Wormuth [157] used a precipitation and drying process to make magnetic iron oxide 
particles, diameter about 5 nm, that were coated with a “double-hydrophilic” 
copolymer composed of  poly(ethylene oxide) and poly(methacrylic acid).  The 
particles were then dispersed in a mixture of hydroxyethylmethacrylate and 
methacrylic acid. The dispersion was then emulsified in decane, with the aid of an 
emulsifier (poly(ethylene-co-butylene)-b-poly(ethylene oxide)), to give drops of 
diameter 180 nm and the monomers were polymerized  to give a magnetic latex. Tests 
showed uniform encapsulation of the 5 nm magnetic iron oxide in the latex. 
Zheng et al [158] used a different procedure to make magnetic polymer nanospheres. 
Iron oxide particles, diameter 8 nm, were dispersed in octane and the dispersion was 
emulsified in an aqueous solution of sodium dodecylsulphate. The octane was 
removed, by evaporation, to give magnetite aggregates with an average diameter 
between approximately 40 and 50 nm. This dispersion was then mixed with an 
aqueous styrene miniemulsion and the styrene was subsequently polymerized. The 
magnetite particles were shown to be uniformly encapsulated in the polystyrene 
nanospheres which had an average diameter of 80 nm. 
Magnetic polymer particles have been applied in biotechnology and biomedicine for 
use with immobilized enzymes, cell separation and drug targeting [157] [159].  Tartaj 
et al [159] noted that, for in vivo applications, the magnetic particles must be coated 
with a biocompatible polymer during or after the synthesis process to prevent the 
formation of large aggregates, changes from the original structure and biodegradation 
when exposed to the biological system. Wormuth [157] noted that 
superparamagnetism, which enables particles to be influenced by a strong magnetic 
field, only occurs when the magnetic iron oxide particles are smaller than 10 nm in 
diameter. 
The oxide-containing polymer particles, described above, have a spherical shape but 
nanoparticles with other shapes can be made. Xuana et al [160] made spindle shaped 
colloidal particles with iron oxide cores and polypyrrole shells. The template cores of 
Fe2O3 were about 500 nm long and 100 nm wide; after dispersion in water and 
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addition of ferric chloride, pyrrole was polymerised directly on to their surfaces. The 
thickness of the polymer shell was between 15 and 35 nm, depending on the amount 
of monomer used. The iron oxide cores could be removed by dissolution in 
hydrochloric acid to produce polypyrrole nanocapsules which retained the ellipsoidal 
shape of the original particles. Those nanocapsules were converted into hollow carbon 
capsules, with spindle morphology, by thermolysis at 900 °C. Those capsules had a 
wall thickness of about 8 nm and they could be used in the development of new 
carriers for drugs and catalysts [160]. 
Sometimes, polymer shells do not form on inorganic particles unless a “stabilising 
agent” is used. Yang et al [161] produced silver chloride particles by addition of ferric 
chloride to a solution of silver nitrate in the presence of pyrrole. The ferric chloride 
initiated pyrrole polymerization and, when chitosan was also present, core-shell 
nanoparticles (about 60–80 nm in diameter) were formed.  Those particles had silver 
chloride cores that were surrounded by polypyrrole shells with a thickness of about 20 
nm. Without the chitosan, the core-shell structure did not form. It was thought that 
chitosan had a stabilising role in which it coated the silver chloride particles to 
nucleate polymer deposition. The core-shell particles could be converted to hollow 
polymer capsules by dissolution of the silver chloride in aqueous sodium hyposulfite 
or ammonium chloride. 
5. 3. Creation of polymer nanocapsules and nanoparticles from “polymeric 
micelles” 
The surfactant micelles, discussed above, provided a means of creating polymer 
colloids via emulsion polymerization. However, it is possible for the micelles to be 
composed of polymer-containing molecules and for them to be transformed into 
polymer particles without the need for any polymerization. Francis et al [162] 
describe “polymeric micelles” as structures consisting of a hydrophobic core 
stabilised by a corona of hydrophilic polymeric chains that are exposed to the aqueous 
environment. They note that polymeric micelles can be used as efficient carriers for 
compounds, which alone exhibit poor solubility. The diameters of polymeric micelles 
range between 10 and 100 nm. Kataoka et al [163] point out that the distribution of 
drug-loaded polymeric micelles in the body may be determined mainly by their size 
and surface properties. They also mention that a micelle structure can be stabilised by 
increasing the amount of physically entrapped material in the core. They used 
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micelles of poly(ethylene glycol)–poly(β-benzyl- -aspartate) block copolymer to 
entrap doxorubicin. Micelles from poly(ethylene glycol)–poly(α,β-aspartic acid) block 
copolymer could also entrap the doxorubicin and, in both cases, the polymeric 
micelles became more stable when they incorporated doxorubicin. Micelles of 
poly(ethylene glycol)–poly(α,β-aspartic acid) block copolymer had an average 
diameter on 50 nm, and a narrow size distribution, when they contained lysozyme 
[163]. 
Kuang et al [164] made core-shell polymeric micelles via self-assembly of molecules 
from two different polymers. Subsequent cross-linking of one of the polymers, 
followed by removal of the other polymer, gave stable hollow nanospheres. Carboxy-
terminated poly(amic acid) ester and poly(4- vinylpyridine) self-assembled into 
hollow spheres (diameter 200 nm), with the poly(4- vinylpyridine) on the outside. 
After cross-linking the poly(amic acid) ester, the hydrogen bonding between the two 
polymers was disrupted and the poly(4- vinylpyridine) was removed to leave a hollow 
shell. 
Precipitation techniques can be used to prepare polymer colloids from a variety of 
materials such as proteins, polysaccharides and synthetic polymers.  Drugs can be 
incorporated in the formulation process so that they are bound either within, or on the 
surfaces of, the polymer nanoparticles [165].  Control of particle size is important. 
Desai et al [166] showed that the efficiency of calcium carbonate uptake from 
biodegradable microparticles of polylactic polyglycolic acid co-polymer depended 
significantly on the particle diameter. Uptakes from particles with diameters of 0.1 
micron, 1 micron and 10 microns diameter were 41%, 15% and 6% respectively. 
Surface characteristics of the nanoparticles are also important. They can be 
manipulated to achieve both passive and active drug targeting during use [165].  Jani 
et al [167] also observed that uptake depended on particle size. Uptake of labelled 
polystyrene particles via the vital organs of rats was reduced significantly when 
particle diameters increased from 50 nm to 300 nm. 
Co-precipitation of water-miscible polymers with other, non-ionic water-miscible, 
polymers can produce a variety of colloidal aggregates with properties that are 
entirely different from the properties of their component polymers [168]. The 
colloidal aggregates are stabilised by hydrogen bonding at low pH but they often 
disintegrate at high pH [168]. Duo et al [169] synthesised stable nanoparticles by 
 31
polymerizing acrylic acid in the presence of dextran. The nanoparticles were spherical 
with diameters between 50 and 100 nm; poly(acrylic acid) segments were grafted onto 
the dextran. 
6. Special features of “nano-latexes” 
Some of the latexes that are mentioned above, in sections 2, 4 and 5, contain particles 
with diameters less than 100 nm. They sometimes require special attention because 
the conformation of a polymer molecule may be affected when it is generated in a 
very small reaction zone. In its unperturbed state, a polymer molecule often behaves 
as a randomly coiling mass which occupies more space than that associated with its 
individual segments [170]. If the molecular mass of a polymer, W, is known then it is 
possible to calculate the expected value for the unperturbed root-mean-square end-to-
end distance of a polymer molecule ((rm2)1/2) in an amorphous phase, because the 
value of rm2/W is known for many polymers [171]. The sphere that would enclose all 
of the polymer chain, in most conformations, can have a diameter somewhat larger 
than the unperturbed root-mean-square end-to-end distance [172]  
As mentioned above (in section 2.2), a very small latex particle may contain only a 
few polymer chains. If a polymer molecule is generated in a space that is smaller than 
that normally occupied in its unperturbed state then it may not be able to adopt its 
“normal” coil conformation [173]. The likelihood of such a constriction occurring 
depends on the molecular mass of the polymer that is being generated; thus there is no 
unique critical particle size which must be exceeded to avoid the phenomenon. 
However, it may be expected to occur when latexes have particles with diameters less 
than 100 nm. These are sometimes called nano-latexes [174] [173]. Some of the 
colloids that are discussed above (in sections 2-5) could be described in that way. 
Ming et al [47] suggested that a polymer chain cannot propagate randomly when 
particle diameters are significantly smaller than the unperturbed root-mean- square 
end-to-end distance of that chain.  
Polymer colloids, containing particles with diameters less than 100 nm, are usually 
made via microemulsion polymerization [47] [176] [173] [172] [177] but, in some 
cases, emulsion polymerisation is used [174] [175]. High solids content nano-latexes 
with particles as small as 25 nm in diameter have been produced by using 
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conventional semi-batch emulsion polymerization without the need for a high 
surfactant concentration [48]. 
If a polymer molecule is generated in a confined space that is smaller than that 
normally occupied in an unperturbed state then the tacticity of the polymer may be 
altered. Pilcher and Ford [172] found that PMMA (with diameters between 20 and 30 
nm) prepared in microemulsions was more syndiotactic than commercial PMMA 
(although the tacticity of PMMA produced in microemulsions was the same as that of 
the PMMA produced in “conventional” emulsions). A similar observation was made 
by Wan et al [177]. Polymers that are produced in nano-latex particles sometimes 
have properties that are different from those of ordinary bulk polymers. When Qian et 
al [175] used differential scanning calorimetry (DSC) to examine polystyrene from 
their latexes (which they called “micro-latexes”) they noticed the appearance of an 
exothermic peak at a temperature near to the glass transition temperature. Also, the 
infra-red spectrum of their polystyrene differed from that of “conventional” 
polystyrene in a number of ways. Their latex particles contained, on average, about 
1.3 polymer chains and the weight-average molecular weight was 4  106. The 
expected root- mean-square end-to-end distance of those polymer chains was about 95 
nm (if they adopted a random-coil conformation). But the chains were generated in 
latex particles with a weight-average diameter of 26nm.  
Pilcher and Ford [172] found that Tg for PMMA that was produced in small latex 
particles was significantly higher than the Tg of commercial PMMA. A similar 
observation, for PMMA, was made by Wan et al [177] who associated increased Tg 
with an increase in polymer syndiotacticity. When the molecular weight of the 
polymer (and its unperturbed root-mean-square end-to-end distance) was reduced, by 
using a chain transfer agent, the increase in Tg for latex polymer was less pronounced. 
The constrained nature of polymer in small particles can affect its film forming 
properties. Qu et al [173] found that the sintering of polystyrene latex particles with a 
diameter of 29 nm (containing about 4 polymer molecules) was complete in a 
temperature range between 90 and 110 oC whereas sintering of polystyrene particles 
with a diameter of 742 nm (containing many polymer chains) occurred in the range 
120 to180 oC. Those authors attributed the difference to the highly constrained nature 
of polymer in the smaller particles which leads to higher conformational energy 
compared to that of a relaxed chain in bulk and in multi-chain particles. The 
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constrained nature of the polymer chains was said to provide an additional driving 
force for diffusion until the chains are fully relaxed. 
Notation 
A*  an activating species 
Aij  interfacial area between phases i and j  [m2] 
AMn*  propagating polymer chain with n monomer units 
c  monomer solubility in the aqueous phase 
c0  monomer solubility for a planar interface 
CM  monomer concentration  [mol m-3] 
CI  initiator concentration  [mol m-3] 
CMp  monomer concentration in particles  [mol m-3] 
dp  particle diameter  [nm] 
d  distance between planes in an array  [nm] 
f  initiator effeciency 
G  Gibbs function  [J mol-1] 
Gs  surface free energy  [J mol-1] 
H  enthalpy  [J mol-1] 
I  initiator 
kp  rate coefficient for propagation  [m3 mol-1 s-1] 
kd  rate coefficient for initiator decomposition  [s-1] 
kt  rate coefficient for chain termination  [m3 mol-1 s-1] 
ktc  rate coefficient for chain termination by combination  [m3 mol-1 s-1] 
ktd  rate coefficient for chain termination by disproportionation   [m3 mol-1 
s-1] 
ki  rate coefficient for chain initiation  [m3 mol-1 s-1] 
ktr  rate coefficient for chain transfer  [m3 mol-1 s-1] 
M  monomer 
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n   average number of radicals per particle 
Np  number of particles per unit volume of emulsion 
P  working pressure of homogeniser  [N m-2] 
P   average degree of polymerization 
r  particle radius  [nm] 
rd  drop radius  [nm] 
rm2  mean-square end-to-end distance [nm] 
R  universal gas constant  [J K-1 mol-1] 
Ri  initiation rate  [mol m-3 s-1] 
Rp  polymerization rate  [mol m-3 s-1] 
S  entropy  [J mol-1 K-1] 
T  temperature  [K] 
Tg  glass transition temperature  [K] 
_
V M  molar volume of monomer  [m3 mol-1]  
VP  volume fraction of polymer in the particles 
W  molecular mass of a polymer 
X  species that can participate in chain transfer 
X*  active species formed by chain transfer 
Greek  
  observation angle  [degree] 
  wavelength of light  [nm] 
d  viscosity of dispersed phase  [N s m-2] 
  interfacial tension  [N m-1] 
ij   interfacial tension between phases i and j  [N m-1 mol-1] 
M  interaction parameter for monomer-polymer mixture 
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Captions for figures 
Figure 1 
Examples of monomers that contain carbon-carbon double bonds 
Figure 2 
Monomer containing a strained ring 
Figure 3 
Basic reaction steps in addition polymerization 
Figure 4 
Starting conditions in batch emulsion polymerization 
Figure 5 
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Variation of particle size distribution in the semi-batch emulsion polymerization of 
butyl acrylate using fixed amounts of surfactant and initiator. A, 5% monomer in the 
initial reactor charge (solid line). B, 40% monomer in the initial reactor charge 
(broken line). Remaining monomer fed to the reactor at a constant rate. Data taken 
from reference [28]. 
Figure 6 
Emulsion polymerization of styrene in a continuous-flow back-mixed reactor at 50oC. 
Space-time = 116 minutes, volume fraction of monomer = 0.228, sodium dodecyl 
sulphate 0.64%, ammonium persulphate 0.39%. Solid lines show average particle 
diameter, broken lines show monomer conversion. Results with two different start-up 
procedures, A and B, using identical recipes and steady-state conditions. Data from 
reference 30. 
Figure 7 
Schematic representation of a “loop” reactor that can be used for emulsion 
polymerization in continuous flow. 
Figure 8 
Regions on a phase inversion map. A = W/O and O/W/O, B = O/W and W/O/W 
Bold line is the transitional inversion boundary. 
-- abnormal catastrophic inversion boundaries. 
-- normal catastrophic inversion boundaries. 
Horizontal arrows show direction of catastrophic phase inversion (induced by 
changing the phase ratio). 
Transitional phase inversion is induced by changing the hydrophile-lyophile balance 
(HLB) of the surfactant. 
Figure 9 
Schematic representation of morphologies for colloidal polymer composites, 
containing two polymers, that are made via emulsion polymerization.  
Figure 10 
Schematic representation of light reflected from two adjacent layers of colloid 
particles.     For constructive interference to occur, the difference in path length, 2d 
sin ,  must be an integer number of wavelengths, n.  
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Figure 11 
Schematic representation of events that occur in film formation from a polymer latex 
Figure 12 
Transmission electron micrograph of crazed high-impact polystyrene 
Reprinted from Polymer, Vol 36, 11, G. Dagli, A. S. Argon and R. E. Cohen, Particle-
size effect in craze plasticity of high-impact polystyrene, pp 2173-2180, Copyright, 
1995, with permission from Elsevier  
 
